The sequence data are available in the NCBI database (accession number KY485942.1).

Introduction {#sec001}
============

Coffee is one of the most valuable cash crops in many developing economies as it provides employment opportunities in cultivation, processing and marketing activities, thereby sustaining the livelihoods of millions around the world \[[@pone.0222747.ref001]\]. *H*. *vastatrix*, the causative agent of coffee leaf rust, accounts for one of the major threats to coffee production in almost every coffee producing region. Despite the release of some resistant coffee cultivars in recent years, coffee rust continues to adversely affect coffee production and undermines the incomes of many households \[[@pone.0222747.ref002]\]. To date, at least 49 characterized physiological races of *H*. *vastatrix* have been reported \[[@pone.0222747.ref002],[@pone.0222747.ref003]\]. The persistent emergence of new races and the sporadic outbreaks of this disease have imposed challenges in resistance breeding. The most pressing concern is, however, the breakdown of resistance genes leading to disease susceptibility of cultivars that were once validated as superior genetic material for resistance breeding \[[@pone.0222747.ref004]\].

The molecular profiles of coffee genes involved in different metabolic pathways, their evolution and annotation have been unveiled with the complete sequencing of *C*. *canephora* genome \[[@pone.0222747.ref005]\]. Given that *C*. *canephora* contributes to half of the Arabica coffee genome, being a natural hybrid of *C*. *canephora* and *C*. *eugenioides*, open access to its genome has provided valuable insights into the genome of *C*. *arabica* during the past five years. The discovery and successful introgression of S~H~3 resistance gene locus to cultivated Arabica coffee from *C*. *liberica* was another landmark often considered as one of the greatest milestones in the development of coffee rust resistance \[[@pone.0222747.ref006]\]. Since then, molecular and physical mapping has enabled the sequencing and annotation of the S~H~3 region, resulting in the discovery of multiple resistance (R) genes \[[@pone.0222747.ref006],[@pone.0222747.ref007]\]. Dominantly inherited, the largest class of R-genes encode nucleotide-binding site leucine-rich-repeat (NBS-LRR) proteins that directly recognize the corresponding virulence (v) protein of the pathogen or its effects \[[@pone.0222747.ref008],[@pone.0222747.ref009]\]. These genes are believed to contain several hundred gene families, which are unevenly distributed in the genomes of different plant species \[[@pone.0222747.ref010]\]. Intracellular signaling domain, similar to Drosophila toll/mammalian interleukin-1 receptor (TNL, Toll-NBS-LRR) and the coiled-coil (CNL, CC-NBS-LRR), are the two major N-terminal amino acid sequences preceding the NBS domain involved in specific signal transduction \[[@pone.0222747.ref008],[@pone.0222747.ref011]\]. The other N-terminal domain linked to LRR includes leucine-zipper (a transmembrane protein, TM), protein kinase (PK) and WRKY TIR proteins \[[@pone.0222747.ref012]\]. These domains are predominantly involved in resistance signal transduction via conformational changes \[[@pone.0222747.ref013]\]. On the carboxyl-terminal region is the LRR, mediating specific protein-protein interaction to recognize pathogen effectors \[[@pone.0222747.ref014],[@pone.0222747.ref015]\]. Although these domains are few in number, nucleotide polymorphism and variability of the LRR region are responsible for the perception of a specific pathogen effector \[[@pone.0222747.ref009],[@pone.0222747.ref016]\]. Inter and intraspecific extreme variabilities of NBS-LRR have been attributed to gene duplication, unequal crossing over, recombination, deletion, point mutation and selection pressure due to continuous response to diverse pathogen races \[[@pone.0222747.ref006]\].

The readily available Arabica coffee BAC libraries constructed from disease resistant genotypes at different laboratories have accelerated studies involving resistance gene cloning \[[@pone.0222747.ref017],[@pone.0222747.ref018]\]. Furthermore, the application of arbitrary DNA-based and functional (gene) markers in gene cloning has benefited crop improvement, either through map-based cloning using the former or direct gene cloning using the latter or both \[[@pone.0222747.ref019]\]. Direct cloning of the gene of interest over map-based gene cloning is appealing as this method is more precise and straightforward for gene characterization.

In coffee, reports on the origin and organization of disease resistance genes have begun to emerge in recent years as part of an effort to understand the role of major rust resistance genes. One such endeavor was the assembly of R genes spanning the S~H~3 locus with the objective of tracing the evolution and diversity of LRR domains in three coffee species \[[@pone.0222747.ref006]\]. Despite the partial sequencing and annotation of several disease resistance genes in Arabica coffee \[[@pone.0222747.ref020]\], completely sequenced and characterized candidate genes are not yet readily available. Resistance to rust is conferred by nine major genes (S~H~1-9) and the corresponding v~1-9~ pathogen factors are known for long in the coffee rust pathosystem \[[@pone.0222747.ref003],[@pone.0222747.ref021]\]. Nonetheless, molecular and functional characterization of any of the S~H~ genes and the associated regulatory elements is entirely obscure, yet holds immense potential in changing the perspective of rust resistance breeding. Likewise, the use of functional markers that serve as a direct rust resistance screening tool amongst the differential coffee clones is important but is barely addressed. The lack of a typical candidate rust resistance gene is one of the bottlenecks in coffee breeding. A resistance gene analog (RGA) marker, CARF005, was previously confirmed to share disease resistance ORF region in coffee \[[@pone.0222747.ref020],[@pone.0222747.ref022]\]. This polymorphic RGA marker encodes the disease resistance protein domain NB-ARC (nucleotide binding site-ARC: ARC for APAF-1, R protein and CED-4) \[[@pone.0222747.ref023]\], exclusive in coffee cultivars resistant to *H*. *vastatrix* \[[@pone.0222747.ref022]\]. The complete sequencing and molecular characterization would help identify candidate disease resistance genes. The state-of-the-art bioinformatics analysis, availability of differential coffee clones with specific S~H~ genes, structural and functional analysis of conserved domains and associated motifs of candidate RGAs belonging to the S~H~ gene series could greatly advance coffee rust resistance breeding. Therefore, the objectives of this study were to trace the origin of resistance gene analogs (RGAs) involved in coffee rust resistance and perform comparative molecular characterization of selected candidate gene to determine whether it belongs to the S~H~ gene series. We also investigated if any of the RGAs were activated during incompatible interaction between C. *Arabica* and *H*. *vastatrix*.

Materials and methods {#sec002}
=====================

Plant materials {#sec003}
---------------

Twenty-one differential coffee clones containing at least one of the coffee rust resistance genes (S~H~1-9) and three genotypes susceptible to all the virulence factors (v1-9) of *H*. *vastatrix* were used in the CARF005 screening. The differential clones were initially characterized by CIFC (Centro de Investigação das Ferrugens do Cafeeiro, Portugal) for the identification of the different physiological races of *H*. *vastatrix*. All clones were vegetatively propagated at the Plant Pathology Department greenhouse of the Universidade Federal de Viçosa (Brazil). Genomic DNA was extracted from a young, second pair of leaves following the protocol developed by Diniz et al. \[[@pone.0222747.ref024]\]. DNA integrity was checked by electrophoresing in 1% gel and visualized after staining with ethidium bromide (0.5 μg/ml), followed by quality and quantity check of the extracted DNA by Nanodrop (NanoDrop Technologies, Wilmington, USA). DNA was stored at -20°C until further use. RNA-Seq libraries from the work of Florez et al. \[[@pone.0222747.ref025]\] (hereafter, referred to as transcriptome), which comprise samples collected at 12 and 24 h after infection (hai) of *C*. *arabica* CIFC 832/2 with *H*. *vastatrix* (race XXXIII), were used as a reference in the search for novel candidate resistance genes.

PCR conditions {#sec004}
--------------

A Sigma made (Sigma-Aldrich, Belo Horizonte, Brazil) disease RGA primer pair, CARF005, (F: `5’-GGACATCAACACCAACCTC-3’` and R: `5’-ATCCCTACCATCCACTTCAAC-3’`) \[[@pone.0222747.ref026]\] was used to screen the differential host clones. PCR reagents were 1x buffer, 0.2 mM dNTPs, 0.2 μM primers, 1 mM MgCl~2~, 0.8 units of Taq polymerase (Invitrogen, Carlsbad, USA) to which 5 ng gDNA was added to form a reaction volume of 20 μl. PCR cycling parameters were as follows: DNA denaturation at 95°C for 5 min followed by 35 cycles of 94°C for 30 s, 60°C for 30 s and 72°C for 1 min, followed by an extension step at 72°C for 10 min. PCR products were screened for target inserts by electrophoresing in 1% UltraPure^TM^ agarose (Invitrogen) and visualized after staining with ethidium bromide (0.5 μg/ml). All PCR and gel electrophoresis conditions were maintained consistently throughout the study unless stated otherwise.

Screening of BAC clone {#sec005}
----------------------

BAC library comprising 56,832 clones, constructed using renowned rust resistant Hibrido de Timor clone CIFC 832/2 \[[@pone.0222747.ref018]\] was used as the target source for RGA (CARF005). These clones were replicated in 384-well titer plates using a plate replicator sterilized with 10% H~2~O~2~ for 2 min, rinsed in sterile water for 10 seconds and soaked in 70% ethanol in laminar airflow cabinet. After the alcohol evaporated (3--5 min), the old cultures were copied to a new 384-well titer plate containing 70 μl fresh LB media (supplemented with 12.5 μgml^-1^ chloramphenicol) in each well. Culture multiplication was achieved by incubating the plates at 37°C for 18 h and shaking at 180 rpm. The identification of clones using the CARF005 insert was performed by grouping and subsequent group decomposition of the 384 clones until a single clone was identified as outlined in [S1 Fig](#pone.0222747.s001){ref-type="supplementary-material"}. BAC DNA was extracted using the centrifugation protocol of Wizard^®^ SV Plus Minipreps DNA Purification System (Promega, Fitchburg, USA).

Sequencing and contig assembly {#sec006}
------------------------------

The single BAC clone isolated using the CARF005 fragment was sequenced using the Illumina HiSeq2000/2500 100PE (paired-end reads) platform at Macrogen (Seoul, South Korea). Paired-end sequence processing and contig assembly were performed using SPAdes software \[[@pone.0222747.ref027]\]. Contigs that matched bacterial genome *(E*. *coli)* and sequences of the flanking vector (pCC1BAC^TM^) were excluded prior to any downstream sequence processing. The assembled BAC contigs were used to map the transcriptome constructed from coffee genes that were activated in response to *H*. *vastatrix* infection using Tophat 2 \[[@pone.0222747.ref028]\] to locate the contig region with active gene expression.

Gene prediction and annotation {#sec007}
------------------------------

Contigs with ≥ 200 bp size and sharing ≥ 90% identity with *C*. *canephora* were subjected to Augustus gene prediction \[[@pone.0222747.ref029]\]. Among the available genomes in the Augustus dataset, *Solanum lycopersicum* was used as a reference genome, as they share common gene repertoires and have similar genome sizes \[[@pone.0222747.ref030]\]. The predicted ORFs were annotated using different online annotation tools. First, Conserved Domain Database (CDD) of the NCBI was used to detect the conserved domains and retrieve their description, followed by the use of Predict Protein Server tool \[[@pone.0222747.ref031]\] molecular analysis and associated GO search. Protein 3D structure and nucleotide (ATP/ADP/GTP/GDP) binding sites were predicted using I-TASSER suite online tool \[[@pone.0222747.ref032]\]. The Research Collaboratory for Structural Bioinformatics Protein Data Bank (RCSB PDB) was used to generate the top ten I-TASSER server threading templates identified by LOMETS, based on the default Z-score for the highest significance in the threading alignment for the ultimate generation of the lowest energy 3D structure, all based on default parameters. Accordingly, the first structural 3D model was selected among the generated alternatives based on TM-score of 0.5 or higher for TM-align structural alignment. Functional prediction (ligand binding sites) was performed using COFACTOR COACH default parameters. As an annotation complement, the predicted ORFs were queried against the coding sequences (CDS) of *S*. *lycopersicum* (Sol Genomics Network: <https://solgenomics.net/tools/blast/>) and *V*. *vinifera* (Phytozome 11: [https://phytozome.jgi.doe.gov](https://phytozome.jgi.doe.gov/)) genomes.

Sequence alignment and comparative analysis {#sec008}
-------------------------------------------

Genes encoding resistance proteins were mapped to the *C*. *canephora* genome \[[@pone.0222747.ref005]\] to trace their probable origin and organization. BLASTn program was used to query the obtained sequences against the *C*. *canephora* genome (<http://coffee-genome.org/blast>). Synteny map was constructed using *C*. *canephora* and *C*. *arabica* genomes to reveal the relative positions of candidate RGAs. The transcriptome reads (differentially expressed against *H*. *vastatrix*) were mapped to contig 9 using Tophat2 (-N 3---read-gap-length 3---read-edit-dist 6---no-coverage-search ---b2-very-sensitive) \[[@pone.0222747.ref028]\] to locate the region of the contig containing the genes encoded in response to pathogenicity. The intergenic physical position, distance and orientation were analyzed for the RGAs.

Point mutation analysis {#sec009}
-----------------------

The RGAs were analyzed for indels and substitutions using the EMBL MUSCLE multiple sequence alignment tool (<http://www.ebi.ac.uk/Tools/msa/muscle/>) and MEGA7\[[@pone.0222747.ref033]\] ([www.megasoftware.net](http://www.megasoftware.net/)). Gene duplication was exclusively analyzed using MEGA 7, while DNA polymorphism and non-synonymous/synonymous substitution rates (ka/ks) were analyzed using DnaSP v5.1 \[[@pone.0222747.ref034]\].

Functional and phylogenetic analysis {#sec010}
------------------------------------

Based on the molecular evolution of protein domains, functional diversity between two NBS-LRR RGAs from coffee was analyzed. Homology was compared for the two RGAs in order to identify orthologous genes in the genomes of *S*. *lycopersicum* (<https://solgenomics.net/tools/blast/>) and *V*. *vinifera* (<https://phytozome.jgi.doe.gov/pz/portal.html>). Subsequently, comparative phylogenetic analysis of six amino acid sequences of the two NBS-LRR RGAs (predicted in the present study) and accessed from the two related genome databases was performed. Amino acid sequence positions with gaps and missing data were not considered for the inclusion of 554 dataset positions to generate phylogenetic tree using MEGA7 \[[@pone.0222747.ref033]\]. The evolutionary history was inferred using the minimum evolutionary method \[[@pone.0222747.ref035]\].

Results {#sec011}
=======

Resistance gene screening among the differential coffee clones {#sec012}
--------------------------------------------------------------

To investigate the linkage of RGAs to known S~H~ genes, differential coffee clones with different S~H~ genes were subjected to RGA screening using the functional marker, CARF005. Of the 21 differential coffee clones and the three coffee genotypes susceptible to all known races of *H*. *vastatrix* (used as negative control for CARF005 marker), the marker was detected in eight clones as presented in [Table 1](#pone.0222747.t001){ref-type="table"} and [S2 Fig](#pone.0222747.s002){ref-type="supplementary-material"}. All clones with the S~H~6 gene had the marker, while those without the gene failed to amplify by the PCR. Thus, gel analysis of the PCR amplicon revealed that this particular RGA marker amplified the S~H~6 gene locus; however, two exceptions were observed. One of them was that the gene's allele was detected in CIFC 128/2-Dilla & Alghe, which is supposed to have just the S~H~1 gene. In addition, CARF005 was found to be amplified in the differential clone CIFC 644/18 H. Kawisari, for which no S~H~ gene has been reported to date.

10.1371/journal.pone.0222747.t001

###### S~H~ gene allelic polymorphism detection in 22 differential coffee clones using CARF005 marker.

![](pone.0222747.t001){#pone.0222747.t001g}

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  No.   Differential clone[\*](#t001fn001){ref-type="table-fn"}   Susceptible to (*H*. *vastatrix* physiological race)         S~H~ gene conferred[\*\*](#t001fn002){ref-type="table-fn"}   Allelic difference (+/-)
  ----- --------------------------------------------------------- ------------------------------------------------------------ ------------------------------------------------------------ --------------------------
  1     832/1- Híbrido Timor                                      \-                                                           6,7,8,9,?                                                    \+

  2     HW17/12                                                   XVI,XXIII                                                    1,2,4,5                                                      \-

  3     1343/269- Híbrido Timor                                   XXII,XXV,XXVI,XXVII,XXVIII,XXIX,\                            6                                                            \+
                                                                  XXXI,XXXII,XXXIII,XXXVII,XXXIX,XL                                                                                         

  4     H153/2                                                    XII, XVI                                                     1,3,5                                                        \-

  5     H420/10                                                   XXIX                                                         5,6,7,9                                                      \+

  6     110/5-S 4 Agaro                                           X,XIV,XV, XVI,XXIII,XXIV,XXVI, XXVIII                        4,5                                                          \-

  7     128/2-Dilla and Alghe                                     III, X, XII, XVI, XVII, XIX,XXIII, XXVII                     1                                                            \+

  8     134/4-S12 Kaffa                                           X, XVI, XIX, XX, XXIII, XXVII,                               1,4                                                          \-

  9     H419/20                                                   XXIX, XXXI                                                   5,6,9                                                        \+

  10    635/3-S 12 Kaffa                                          X, XIV,XV,XVI,XIX, XXIII,XXIV,XXVI,XXVII,XXVIII              1,4,5                                                        \-

  11    87/1-Geisha                                               III, X, XII, XVI, XVII, XXIII                                1,5                                                          \-

  12    1006/10-KP 532                                            XII,XVI,XVII, XXIII                                          1,2,5                                                        \-

  13    7963/117-Catimor                                          XXXIII                                                       5,7 or 5,7,9                                                 \-

  14    H420/2                                                    XXIX, XXX                                                    5,8                                                          \-

  15    4106                                                      \-                                                           5,6,7,8,9,?                                                  \+

  16    644/18 H. Kawisari                                        XIII                                                         ?                                                            \+

  17    832/2- Híbrido Timor                                      \-                                                           6,7,8,9,?                                                    \+

  18    H147/1                                                    XIV, XVI                                                     2,3,4,5                                                      \-

  19    32/1-DK1/6                                                I,VIII, XII, XIV, XVI, XVII, XXIII,XXIV, XXV, XXVIII, XXXI   2,5                                                          \-

  20    H152/3                                                    XIV,XVI, XXIII, XXIV, XXVII                                  2,4,5                                                        \-

  21    33/1-S.288-23                                             VII, VIII, XII, XIV,XVI,                                     3,5                                                          \-

  22    Caturra (c)                                               All                                                          5                                                            \-

  23    Catuaí 2143--236 (c)                                      All                                                          5                                                            \-

  24    Mundo Novo -376/4 (c)                                     All                                                          5                                                            \-
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

\*Differential clones were from CIFC (Centro de Investigação das Ferrugens do Cafeeiro, Portugal).

\*\*S~H~1-9 genes as inferred by CIFC. Unknown race (-), coffee genotypes used as negative control (c), presence/absence of allelic differences among S~H~ genes (+/-) and unknown S~H~ gene (s) (?).

Sequence analysis of ORFs {#sec013}
-------------------------

Identification of a BAC clone using CARF005 and the comparative analysis of the RGAs with the other ORFs from *C*. *canephora* was performed to localize their relative position and determine putative function. To characterize genetic loci conferring resistance to leaf rust, a BAC clone 78-K-10 (with \~146 kb insert) was identified as shown in [S1B & S1C Fig](#pone.0222747.s001){ref-type="supplementary-material"}. Illumina HiSeq2000/2500 100PE generated 8,711,320 reads. After removing vector and noisy sequences, quality sequences (\>20 QC) were assembled into 86 contigs of ≥ 200bp from which the two contigs, contigs 3 (16570 bp) and 9 (8285 bp), were selected (as they had \>90% similarity with *Coffea canephora* DNA sequence) and then subjected to downstream processing. The sequences of the two contigs were combined and deposited at NCBI (accession number: KY485942.1). These contigs shared sequence identity with *C*. *canephora* contigs at different chromosomal regions, with the highest identity (99% for contig3 and 97% for contig 9) being on chromosome 0. All the 13 ORFs predicted (eight in contig 3 and five in contig 9) had matched to different species when queried against protein database of NCBI or to the *C*. *canephora* genome hub with significant similarities (≤ 1e^-05^ e-value) when BLASTn was used as presented in [S1 Table](#pone.0222747.s004){ref-type="supplementary-material"}. Among these, five genes (genes 5, 9, 10, 11 and 12) shared significant identities with RGAs from *C*. *canephora*. These genes are homologous to sequences in the *C*. *canephora* genome with the highest query coverage being on chromosome 0 as presented in [Table 2](#pone.0222747.t002){ref-type="table"}. Genes 5 (intron-less, 1130 aa) and 11 (with two introns and two exons, 1118 aa) were the largest genes predicted. Both genes were located on the negative reading frames that belong to the CC-NBS-LRR gene family. BLASTn against the *C*. *canephora* genome showed that these genes are separated by 1,634,522 bp, although they are delimited with a shorter length (460 bp) in *C*. *arabica*. Synteny mapping of contig 9 to *C*. *canephora* and *C*. *arabica*, on the other hand, resulted in the localization of genes 9, 11 and 12, but with low coverage for gene 10 in the two genomes ([Fig 1](#pone.0222747.g001){ref-type="fig"}). This analysis showed that genes in contig 9 are highly syntenic among HDT, *C*. *canephora* and *C*. *arabica* genomes.

![Synteny analysis among CIFC HDT 832/2 contig 9, *C*. *canephora* and *C*. *arabica* genomes.\
Contig 9 harbors gene 9, gene 10, gene 11, and gene 12 and their relative positions in the other genomes are shown by gray shading. Gene 10 was excluded from the figure due to its low coverage in the other genomes ([Table 2](#pone.0222747.t002){ref-type="table"}). Black bars and colored boxes represent species genomes and genes (exons), respectively. Arrows indicate the gene orientation. Sequences from *C*. *canephora* (v1.0) and *C*. *arabica* (UCDv0.5) genomes were retrieved from Coffee Genome Hub (<http://coffee-genome.org/coffeacanephora>) and Phytozome 12 (<https://phytozome.jgi.doe.gov/>), respectively. Genomic positions of each gene were retrieved using BLASTn searches in the respective coffee genome portals, and then the figure was generated (in scale) using Inkscape software v0.94.2 (<https://inkscape.org>.](pone.0222747.g001){#pone.0222747.g001}

10.1371/journal.pone.0222747.t002

###### Size and structure of five resistance gene analogs and their mapping to chromosome 0 of *C*. *canephora* genome.
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                       Genes[\*](#t002fn001){ref-type="table-fn"}                                                                        
  -------------------- -------------------------------------------- ---------------------- ---------------------- ---------------------- ----------------------
                       5                                            9                      10                     11                     12
  Contig               3                                            9                      9                      9                      9
  Exon 1               3393                                         113                    121                    1175                   345
  Intron 1             \-                                           554                    87                     611                    1786
  Exon 2               \-                                           118                    112                    2222                   183
  Intron 2             \-                                           121                    711                    124                    \-
  Exon 3               \-                                           69                     121                    \-                     \-
  Intron 3             \-                                           91                     \-                     \-                     \-
  Exon 4               \-                                           155                    \-                     \-                     \-
  Intron 4             \-                                           476                    \-                     \-                     \-
  Exon 5               \-                                           130                    \-                     \-                     \-
  Query coverage (%)   99.94                                        72.68                  30.48                  99.46                  97.33
  Identity (%)         76.00                                        85.00                  79.00                  68.84                  73.00
  E-value              0.00                                         9,00E-30               5,00E-17               0.00                   3,00E-48
  Frame                N                                            N                      P                      N                      P
  Start hit-End hit    108638370--108641761                         106998076--106999730   107000654--107000761   107000357--107003848   107000234--107004551
  Protein (aa)         1130                                         194                    117                    1118                   175

\*Exon and intron sizes are in nucleotides. N, negative reading frame and P, positive reading frame. Gene prediction was performed by Augustus command-line version gene prediction \[[@pone.0222747.ref029]\].

CARF005 amplicon verification {#sec014}
-----------------------------

Web-based PCR analysis was conducted to validate the specificity of the CARF005 primer pair and to complement the PCR amplification experiments. *In silico* PCR analysis using contig 9 and gene 11 ORF as the template strands, indicated that the CARF005 marker had a size of 400 bp (<http://www.bioinformatics.org/sms2/pcr_products.html>). This size of the amplicon was confirmed by PCR using the template DNA from the clone 78-K-10 as outlined in [S1C Fig](#pone.0222747.s001){ref-type="supplementary-material"}. Notably, the amplicon spans from base 6867 to base 7266 of contig 9 (8285 bp) and from base 369 to base 768 of gene 11 ORF (3354 bp) in a negative orientation, respectively.

Gene annotation {#sec015}
---------------

Gene annotation and functional comparison were performed for genes 5 and 11 to reveal their molecular function, biological process and cellular localization associated GO terms ([Table 3](#pone.0222747.t003){ref-type="table"}). The homology search for 13 ORFs, on the other hand, showed a range of protein arrays most of which had no role in disease resistance and lacked conserved domains ([S1 Table](#pone.0222747.s004){ref-type="supplementary-material"}). Among the five RGAs detected in either NCBI BLASTp or BLASTn against the *C*. *canephora* genome; genes 9 (unnamed protein product), 10 (putative resistance gene) and 12 (putative resistance gene) had similarity to RGAs as observed by mapping to *C*. *canephora* genome. Yet, genes 5 and 11 encode the largest resistance proteins (Gene 5: 126.81 kDa and pi: 7.65; gene 11:126.67 kDa and pi: 8.44), with many resistance-associated GO terms characterizing multiple functional domains.

10.1371/journal.pone.0222747.t003

###### Annotation and functional comparison of gene 5 and 11.
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  --------------------------------- ------------------------------------------------ --------------------- ------------ -------------
  **Molecular function ontology**                                                                                       
  **GO ID**                         **GO term**                                      **Reliability (%)**   **Gene 5**   **Gene 11**
  GO:1901363                        Heterocyclic compound binding                    49                    ✔            ✔
  GO:0000166                        Nucleotide binding                               49                    ✔            ✔
  GO:0005488                        Binding                                          49                    ✔            ✔
  GO:1901265                        Nucleoside phosphate binding                     49                    ✔            ✔
  GO:0097159                        Organic cyclic compound binding                  49                    ✔            ✔
  GO:0036094                        Small molecule binding                           49                    ✔            ✔
  GO:0097367                        Carbohydrate derivative binding                  41                    ✔            ✔
  GO:0017076                        Purine nucleotide binding                        41                    ✔            ✔
  GO:0032559                        Adenyl ribonucleotide binding                    41                    ✔            ✔
  GO:0032555                        Purine ribonucleotide binding                    41                    ✔            ✔
  **Biological process ontology**                                                                                       
  GO:0006952                        Defense response                                 36                    ✔            ✔
  GO:0006950                        Response to stress                               36                    ✔            ✔
  GO:0050896                        Response to stimulus                             36                    ✔            ✔
  GO:0002376                        Immune system process                            16                    ✔            ✔
  GO:0006955                        Immune response                                  16                    ✔            ✔
  GO:0045087                        Innate immune response                           16                    ✔            ✔
  GO:0044699                        Single-organism process                          14                    ✔            ✔
  GO:0009987                        Cellular process                                 14                    ✔            ✔
  GO:0044763                        Single-organism cellular process                 14                    ✔            ✔
  GO:0033554                        Cellular response to stress                      12                    ✔            ✔
  GO:0016265                        Death                                            12                    ✔            ✔
  GO:0051716                        Cellular response to stimulus                    12                    ✔            ✔
  GO:0012501                        Programmed cell death                            12                    ✔            ✔
  GO:0008219                        Cell death                                       12                    ✔            ✔
  GO:0034050                        Host programmed cell death induced by symbiont   12                    ✔            ✔
  GO:0009626                        Plant-type hypersensitive response               12                    ✔            ✔
  GO:0009814                        Defense response, incompatible interaction       7                     ✔            ✔
  **Cellular component ontology**                                                                                       
  GO:0016020                        Membrane                                         33                    ✔            ✔
  GO:0044464                        Cell part                                        33                    ✔            ✔
  GO:0005623                        Cell                                             33                    ✔            ✔
  GO:0005737                        Cytoplasm                                        32                    ✔            ✔
  GO:0044424                        Intracellular part                               32                    ✔            ✔
  GO:0005886                        Plasma membrane                                  31                    ✔            ✔
  GO:0071944                        Cell periphery                                   31                    ✔            ✔
  GO:0043227                        Membrane-bounded organelle                       24                    ✔            ✔
  GO:0043226                        Organelle                                        24                    ✔            ✔
  GO:0005634                        Nucleus                                          24                    ✔            ✔
  --------------------------------- ------------------------------------------------ --------------------- ------------ -------------

Annotation was performed by Predict Protein online server \[[@pone.0222747.ref031]\] (URL: [https://www.predictprotein.org](https://www.predictprotein.org/)).

Gene characterization {#sec016}
---------------------

To identify the candidate R genes activated against *H*. *vastatrix* incursion, two contigs (contigs 3 and 9) were mapped against the transcriptome of *C*. *arabica*-*H*. *vastatrix* interaction \[[@pone.0222747.ref025]\]. The number of reads that were mapped to RGAs spanning contig 9 showed that, after inoculation (12 and 24 hai), it was clear that a greater number of reads were mapped to a region of transcription hotspot ([S3 Fig](#pone.0222747.s003){ref-type="supplementary-material"}). Contig 3, from which gene 5 was predicted, was also mapped against the same transcriptome resulting in no matching transcripts that were differentially expressed at the two time points (12 and 24 hai) following pathogen inoculation. We predicted the likely region in contig 9 where most R genes are positioned. The result showed approximately 81.58% of the contig encodes transcripts of varying lengths associated with rust resistance, which are activated at 12 and 24 hai in response to *H*. *vastatrix* inoculation. Further analysis of genes 5 and 11 revealed that they belong to the NBS-LRR gene family (the major R genes in plants), suggesting the importance of continuing the *in silico* comparative structural and functional analysis. Intriguingly, both have the Rx_N superfamily (amino acid interval 10--96) characterized by N-terminal domain which is found in many plant resistance proteins and three (in gene 5) and four (in gene 11) additional multi-domains featuring the entire protein sequence ([Fig 2](#pone.0222747.g002){ref-type="fig"}). These genes can be referred as CC-NBS-LRR, as they comprise the N-terminal CC and LRR C-terminal domains flanking the NBS on either side.

![Comparison of conserved domains and motif architecture in genes 5 and 11.\
Different numbers of domain hits and variations in the domain length were detected and compared in both genes. Red bar (s) on the left side was (were) used to spot domain (s) exclusive to each gene while those on the right side were used to show the variation in the interval (number) of the amino acids constituting the respective domain and the polymorphisms in the size of the domains. Conserved domains were detected using NCBI Conserved Domain Database <https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi>). Graphical summary was set to standard view.](pone.0222747.g002){#pone.0222747.g002}

In addition, annotation of both genes indicates that they encode defense proteins involved in various biological defense as demonstrated in [Table 3](#pone.0222747.t003){ref-type="table"}. Moreover, alignment of the two resistance proteins encoded by genes 5 and 11 showed conserved and variable protein binding regions ([Fig 3](#pone.0222747.g003){ref-type="fig"}). Notably, although these genes share 90.24% nucleotide identity, their amino acid sequence identity is only 80.03%. The possibility of substitution mutation events was considered in explaining the diversity. Accordingly, the overall amino acid diversity was attributed to non-synonymous substitution events (non-synonymous/synonymous ratio, ka/ks = 1.5913) in both genes. Further analysis of LRR region showed a higher rate of non-synonymous substitution mutation (ka/ks, non-synonymous/synonymous substitution ratio = 1.9660).

![Alignment of proteins encoded by genes 5 and 11 and the protein binding regions.\
*In silico* prediction of protein binding regions of gene 5 (underlined in red) and protein binding regions of gene 11 (underlined in green) were shown. Conserved and variable residues of the protein binding regions were highlighted in the [S2 Table](#pone.0222747.s005){ref-type="supplementary-material"}. Amino acid substitution: unrelated amino acid substitution (space), weakly similar substitution (period), strongly similar substitution (colon) and conserved amino acids (star). Note the six indel or non-synonymous substitution resulting in the polymorphism of protein binding sites (blue encircled) in either of the sequence. Sequence alignment was carried out using Clustal Omega (<http://www.ebi.ac.uk/Tools/msa/clustalo/>).](pone.0222747.g003){#pone.0222747.g003}

Comparative analysis of structural and functional sites {#sec017}
-------------------------------------------------------

Structural modeling and comparative analyses of the identified genes was performed in order to infer the possible protein functions. Therein, we found that the number of LRR domains in genes 5 and 11 is variable (11 and 13 repeats, respectively) and arranged differently. We noted the introduction of a coenzyme domain (CoaE, dephospho-CoA kinase) in gene 5, while LRR variants (LRR_8 and LRR_5) were introduced in gene 11 ([Fig 2](#pone.0222747.g002){ref-type="fig"}). Despite sharing similar protein multi-domains, two trans-membrane motifs (spanning 5--22 and 102--119 amino acid regions) were detected exclusively in the coiled-coil domain of gene 11 ([Fig 4DII](#pone.0222747.g004){ref-type="fig"}). The amino acid sequences of genes 5 and 11 were further analyzed for protein and nucleotide binding site polymorphism. Protein binding sites of the two genes revealed different sensitivity to substitution mutations. Few sites that were specific to each gene were highly affected while most of the binding sites had moderate to no effect as presented in [S2 Table](#pone.0222747.s005){ref-type="supplementary-material"}. The analysis revealed 15 protein binding sites in gene 5 and 7 sites in gene 11. Similarly, their secondary structures and solvent accessibility properties revealed more of conserved features ([Fig 4AI-IV & 4CI-IV](#pone.0222747.g004){ref-type="fig"}). Nevertheless, the amino acid residues forming the protein binding sites of the two genes showed high variability in the LRR regions (Figs [3](#pone.0222747.g003){ref-type="fig"}, [4A & 4C](#pone.0222747.g004){ref-type="fig"}). Although most of the residues are not conserved, the ADP binding site of the NBS domain contained some conserved sites ([Fig 4BII & 4DII](#pone.0222747.g004){ref-type="fig"}).

![***In silico* 3D structure, protein and nucleotide binding site prediction for gene 5 (a and b) and 11 (c and d).** Protein binding and secondary structure (a and c): Protein binding sites (I), the three types of secondary structures are assumed at different regions (helical: red boxes, strand: blue boxes and loop: intervening white spaces) (II), solvent accessibility (exposed: blue boxes, buried: yellow boxes and intermediate: white spaces) (III) and high protein disorder and flexibility: green boxes (IV) \[[@pone.0222747.ref031]\] (<https://open.predictprotein.org/>). 3D structure and nucleotide binding sites (b and d): 3D structures with Rx-CC-like (blue) to LRR (red through yellow forming the 'horseshoe' structure) domains (bI & dI) and the colored residues (NBS) forming the nucleotide (ATP/GTP/ADP/GDP)-binding sites (bII and dII) of genes 5 and 11, respectively. Nucleotide binding site residues with the highest C-score are listed in the right box (conserved residues highlighted in yellow) with the red arrow indicating the sites. I-TASSER modelling \[[@pone.0222747.ref032]\] (<https://zhanglab.ccmb.med.umich.edu/I-TASSER/>) C-score was -1.73 and -1.75 (C-score ranging from -5 to 2, where 2 refers to the highest confidence) and 0.29 and 0.17 (C-score ranging from 0--1, where higher score indicates reliable prediction) for nucleotide binding prediction for the two proteins, respectively.](pone.0222747.g004){#pone.0222747.g004}

Interlocus comparison of S~H~ genes {#sec018}
-----------------------------------

To investigate the conserved regions in the five RGAs (genes 5, 9, 10, 11 and 12), contigs 3 and 9 were queried against three *C*. *canephora* and 10 *C*. *arabica* specific contigs assembled from BAC clones spanning S~H~3 locus from the work of Ribas et al. \[[@pone.0222747.ref006]\]. All the 10 S~H~3 contigs matched with contig 3 but with varying alignment lengths and identities as presented in [S3 Table](#pone.0222747.s006){ref-type="supplementary-material"}. Contig GU123898 and HQ696508 (both specific to *C*. *arabica*) had the highest number of matches to contig 9 (from which four clustered RGAs were predicted) with alignment lengths of 170 nts (77.647% identity and 1.57e^-31^ e-value) and 179 nts (76.536% identity and 1.21e^-26^ e-value), respectively. The closest contig (HQ696508) is located on the complementary strand of gene 11 and is 505 bp upstream of the position where CARF005 forward primer annealed to gene 11.

Phylogenetic analysis {#sec019}
---------------------

In an attempt to discern the ancestral relationship of a set of sequences, phylogenetic analysis was performed. Accordingly, two resistance gene families (the NBS-LRR and non-NBS-LRR) were identified, completely sequenced and mapped to chromosome 0 of *C*. *canephora* genome with a query coverage of 99.94% for genes 5 and 11, 72.68% for gene 9, 33.05% for gene 10 and 97.52% for gene 12. The diversity of the NBS-LRR family was detected by analyzing the ka/ks ratios as presented in [Table 4](#pone.0222747.t004){ref-type="table"}. The analysis revealed that the non-synonymous substitution event is common in the CDS, as revealed from all the pairwise analyses. Furthermore, the non-synonymous substitution of CDS is more prominent in the LRR region (in almost all pairwise comparisons).

10.1371/journal.pone.0222747.t004

###### Pair-wise synonymous and non-synonymous nucleotide substitution analysis among the six resistance gene analogs (gene 5 and 11 and their respective two top hits as mined by BLASTn in NCBI).

![](pone.0222747.t004){#pone.0222747.t004g}

                              Entire protein   LRR region                              
  ------------- ------------- ---------------- ------------ -------- -------- -------- --------
  gene5_hit1    gene11_hit1   0.0786           0.1302       1.6565   0.0702   0.1383   1.9701
  gene5_hit1    gene11_hit2   0.0899           0.1614       1.7953   0.0536   0.1408   2.6269
  gene5_hit1    gene11        0.0723           0.1177       1.6279   0.0622   0.1233   1.9823
  gene5_hit1    gene5_hit2    0.0635           0.0999       1.5732   0.0583   0.1029   1.7650
  gene5_hit1    gene5         0.0009           0.0039       4.3333   0.0015   0.0045   3.0000
  gene11_hit1   gene11_hit2   0.1092           0.1854       1.6978   0.0756   0.1602   2.1190
  gene11_hit1   gene11        0.0061           0.0164       2.6885   0.0095   0.0170   1.7895
  gene11_hit1   gene5_hit2    0.0761           0.1309       1.7201   0.0736   0.1369   1.8601
  gene11_hit1   gene5         0.0786           0.1288       1.6387   0.0701   0.1383   1.9729
  gene11_hit2   gene11        0.1074           0.1742       1.6220   0.0686   0.1445   2.1064
  gene11_hit2   gene5_hit2    0.0846           0.5829       6.8901   0.0607   0.1440   2.3723
  gene11_hit2   gene5         0.0902           0.1620       1.7960   0.0540   0.1430   2.6481
  gene11        gene5_hit2    0.0704           0.1155       1.6406   0.0616   0.1199   1.9464
  gene11        gene5         0.0723           0.1164       1.6100   0.0622   0.1234   1.9839
  gene5_hit2    gene5         0.0635           0.0997       1.5701   0.0583   0.1052   1.8045

Seq., sequence, non-synonymous/synonymous substitution rate was computed by DnaSP v5.1 \[[@pone.0222747.ref034]\].

Moreover, phylogenetic analysis showed that the tomato gene 5 was closely related to genes 5 and 11 of coffee than the gene 11 of both tomato and grape ([Fig 5](#pone.0222747.g005){ref-type="fig"}). Within coffee itself, a significant diversity between genes 5 and 11 was detected by the MEGA 7 bootstrap method of the phylogenetic analysis.

![Phylogenetic history of genes 5 and 11 in three related genomes.\
The intensity of diversifying selection on the two CC-NBS-LRR encoding genes in the three related genomes showed the minimum such selection as an adaptive force for disease defense in coffee. The evolutionary history was inferred using the Minimum Evolution method \[[@pone.0222747.ref035]\]. The optimal tree with the sum of branch length = 2.98805978 is shown. The percentage of replicate trees with the associated taxa clustered together in the bootstrap test (500 replicates) are shown next to the branches \[[@pone.0222747.ref036]\]. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using the Poisson correction method \[[@pone.0222747.ref037]\] and are in the units of the number of amino acid substitutions per site. The ME tree was searched using the Close-Neighbor-Interchange (CNI) algorithm \[[@pone.0222747.ref038]\] at a search level of 1. The Neighbor-joining algorithm \[[@pone.0222747.ref039]\] was used to generate the initial tree. The analysis involved 6 amino acid sequences. All positions containing gaps and missing data were eliminated. A total of 554 positions were there in the final dataset. Evolutionary analyses were conducted using MEGA7 \[[@pone.0222747.ref033]\] (<https://www.megasoftware.net/>). Subject IDs are indicated in parenthesis for the corresponding two homologous sequences mined by BLASTx against tomato (Sol Genomics Network, <https://solgenomics.net/>) and grape (Phytozome, <https://phytozome.jgi.doe.gov/pz/portal.html>) genome databases.](pone.0222747.g005){#pone.0222747.g005}

Discussion {#sec020}
==========

The majority of NBS-LRR encoding genes are known to be clustered but unevenly distributed in plant genomes \[[@pone.0222747.ref010],[@pone.0222747.ref040]--[@pone.0222747.ref042]\]. The NBS-ARC domain is known to be involved in directly blocking the biotrophic pathogens by activating the hypersensitive response (HR) \[[@pone.0222747.ref043]\]. HR starts with programmed cell death of affected and surrounding cells and ends with the activation of systemic acquired resistance (SAR), in which the defense is induced in distal non-infected cells of the host under attack \[[@pone.0222747.ref044],[@pone.0222747.ref045]\]. By recognizing the corresponding virulence (vr) factors or their effects, NBS-LRR proteins are sufficient to induce HR \[[@pone.0222747.ref008],[@pone.0222747.ref009],[@pone.0222747.ref045],[@pone.0222747.ref046]\]. In the present study, a cluster of two different classes of RGAs resistant to coffee rust, the NBS-LRRs linked to non-NBS-LRR genes were reported. The two NBS-LRR genes (genes 5 and 11) are the largest non-TNL genes sequenced in Arabica coffee and most other plants investigated to date \[[@pone.0222747.ref006],[@pone.0222747.ref047]--[@pone.0222747.ref049]\].

We identified 13 genes: genes 1, 2, 3, 4, 5, 6, 7 and 8 (gene 5 is a RGA) from contig 3 and genes 9, 10, 11, 12, and 13 (only 13 is not a RGA) from contig 9 ([Table 2](#pone.0222747.t002){ref-type="table"}; [S1 Table](#pone.0222747.s004){ref-type="supplementary-material"}). We also report, a completely sequenced and characterized novel RGA (gene 11), from Híbrido de Timor CIFC 832/2, probably a major component of the S~H~ gene. This Híbrido de Timor (HDT) (*C*. *arabica* x *C*. *canephora*) is immune to all known virulence factors of *H*. *vastatrix* physiological races and therefore, is an extremely important source of resistance \[[@pone.0222747.ref050]\]. In addition to gene 11, mapping of the transcriptome from *C*. *arabica*-*H*. *vastatrix* interaction to contig 9 suggests that the three other clustered RGAs (genes 9, 10 and 12) were also differentially expressed during the incompatible interaction. It has also revealed the presence of reads exclusively mapped to transcripts of pathogen-infected plants at 12 and 24 hai ([S3 Fig](#pone.0222747.s003){ref-type="supplementary-material"}). Despite the identification of five RGAs from the two contigs, it was only the resistance gene locus spanning contig 9 which showed active expression of resistance transcripts against the *H*. *vastatrix* race. Therefore, this result suggests, qualitatively, that these genes might be differentially expressed during incompatible interactions at 12 and 24 hai with *H*. *vastatrix* (race XXXIII). What was more interesting was the difference in the resistance role of the two homolog RGAs (genes 5 and 11) belonging to the CC-NBS-LRR gene family, as seen by the differential expression analysis. In the present work, the unlikely role of gene 5 (no differential expression unlike gene 11) to confer resistance to *H*. *vastatrix* could be attributed to any of the indel or nonsynonymous substitutions in response to selection pressure which could have resulted in the changes to the protein binding sites as described elsewhere (Figs [3](#pone.0222747.g003){ref-type="fig"}, [4AI & 4CI](#pone.0222747.g004){ref-type="fig"} and [S2 Table](#pone.0222747.s005){ref-type="supplementary-material"}). A more illustrative molecular mechanism as to why gene 5 and 11 confer resistance to different pathogens could be explained by the 'decoy' and 'guarde' models, which propose the indirect recognition of pathogen effectors resulting in the neutralization of the complex by CC-NBS-LRRs proteins \[[@pone.0222747.ref051]--[@pone.0222747.ref054]\]. Owing to the enhanced diversifying selection pressure, the two genes could have resorted to recruiting different proteins (guardee and decoy)--to be further researched- that serve their respective protein binding domains for triggering differential expression.

The known rust resistance genes, S~H~3 in *C*. *liberica* \[[@pone.0222747.ref055]\], S~H~6, 7, 8 and 9 in *C*. *canephora* \[[@pone.0222747.ref056]\] and S~H~1, 2, 4 and 5 genes in *C*. *arabica* are dominantly-inherited genes \[[@pone.0222747.ref057]\]. One of the fundamental questions to be clarified is how different are these 9 S~H~ genes that belong to different coffee species. The comparative analysis of contigs from the S~H~3 locus of *C*. *arabica* and *C*. *canephora* \[[@pone.0222747.ref006]\] revealed different levels of conservation of motifs in the two contigs examined: contigs 3 and 9. The results indicate that the RGAs may share large conserved regions, but few highly polymorphic regions encoding specific protein motifs necessary for critical roles. This characteristic conservation of domains was once more confirmed based on comparative analysis of the cloned gene (gene 11) and using differential coffee clones for S~H~ gene identification. PCR amplification of gene 11 also indicated the existence of allelic difference/polymorphism among the S~H~ gene loci and considerable sequences of conserved domain (on which CARF005 primer was designed) with S~H~6 and possibly with S~H~1. PCR amplification using CARF005 primer (constituting gene 11) was detected in all the differential clones with S~H~6 and 832/1-HT and 832/2-HT containing S~H~6, 7, 8, 9 and S~H~?. In addition, we report a conserved sequence of gene 11 in CIFC 128/2-Dilla & Alghe, previously considered to contain only the S~H~1 gene, and in CIFC 644/18 H. Kawisari with an uncharacterized S~H~-gene ([Table 1](#pone.0222747.t001){ref-type="table"}). Overall, we propose the following hypothesis for extensive and rigorous biological investigation: the identified gene (gene 11) could be one of the unidentified and a not yet supplanted (at least in Brazil) S~H~ gene in HDT consisting of a conserved domain (CARF005) shared with the S~H~6 and S~H~1 genes.

BLASTn of the RGAs against *C*. *canephora*, the result from differential clone screening and annotation altogether confirmed that gene 11 locus is descended from *C*. *canephora*, hence is a sibling of S~H~6-9 \[[@pone.0222747.ref056]\]. Synteny mapping of the four RGAs (genes 9, 10, 11 and 12) to *C*. *canephora* and the recently sequenced Geisha variety (<https://phytozome.jgi.doe.gov/pz/portal.html>) showed conserved regions ([Fig 1](#pone.0222747.g001){ref-type="fig"}). These data were complemented by the differential clone screening for S~H~ genes. Interestingly, conserved sequences (CARF005) were detected in eight of the differential clones, corroborating the existence of a strong linkage of the S~H~ gene locus and the RGAs. The disparity of the position of gene 5 in relation to gene 9 (the fact that all the predicted genes are from an insert size of \~146 kbp) could be attributed to the nearby transposase gene (gene 1) ([S1 Table](#pone.0222747.s004){ref-type="supplementary-material"}). Transposons could have interrupted and separated the two genes apart by 1.6 Mb, since *C*. *arabica* is known to have diverged from *C*. *canephora*. Multiple transposable elements linked to NBS-LRR regions were reported in other plants \[[@pone.0222747.ref048],[@pone.0222747.ref058]\]. Transposition of genes and gene fragments are some of the mechanisms that generate variability and positional changes among the NBS-LRR genes in different plants \[[@pone.0222747.ref048],[@pone.0222747.ref058]--[@pone.0222747.ref061]\].

Rx-CC, PLN and NB-ARC domains are conserved in the NBS-LRR genes across diverse plant species \[[@pone.0222747.ref047],[@pone.0222747.ref062],[@pone.0222747.ref063]\]. The potato virus x resistance (Rx) protein-like N-terminal coiled-coil domain mediates intramolecular interaction with NB-ARC and intermolecular interactions through RanGAP2 (Ran-GTPase-activating protein-2) in potato \[[@pone.0222747.ref046],[@pone.0222747.ref064]\]. Rx-CC, RanGAP2 interaction site and NB-ARC were detected in genes 5 and 11 ([Fig 2](#pone.0222747.g002){ref-type="fig"}), suggesting similarity in their defense role in coffee. However, unlike the Rx-CC domain with four helical structures, six helical structures are conserved in genes 5 and 11, indicating polymorphic differences between the species. The PLN00113 domain in gene 5 and PLN03210 in gene 11, span the LRR region and were initially reported in *A*. *thaliana* \[[@pone.0222747.ref047]\]. The distinct position of these domains in genes 5 and 11 indicates high variability in the LRR region in both genes. Functional motif prediction indicated that the PLN03210 (LRR domain) is likely engaged in direct effector interaction while the corresponding PLN00113 of gene 5 is engaged in LRR-reception and downstream kinase-mediated signaling. These observations are in accordance with the functional and structural analysis data of LRR proteins in *A*. *thaliana* \[[@pone.0222747.ref047],[@pone.0222747.ref065]--[@pone.0222747.ref068]\]. Based of their annotations, the two proteins (encoded by genes 5 and 11) are intracellular resistance proteins that directly or indirectly recognize pathogen effector proteins and subsequently trigger a response that may be as severe as localized cell death \[[@pone.0222747.ref045]\].

Different selection pressures shape the evolution of domains in the NBS-LRR encoding genes. The NBS domain was assumed to be under the purifying selection (a negative selection in which variation is minimized by stabilizing selection) than by the diversifying selection, which acts on the LRR domain \[[@pone.0222747.ref009],[@pone.0222747.ref069]\]. In contrast, the diversifying selection (positive selection) act on all the domains of genes 5 and 11 (ka/ks \>1). This result is contrary to the general assumption that diversifying selection is diluted when the overall non-synonymous substitution is considered \[[@pone.0222747.ref006]\], indicating an intense diversifying selection action on both genes. Further investigation of four more orthologous genes also resulted in similar findings, indicating that the NBS-LRR genes are highly variable due to substitution mutations. As the LRR domains are involved in direct ligand binding, their variability due to non-synonymous substitution is higher than that seen in other domains. This results in the formation of a super-polymorphic region to cope with the continuously evolving pathogen effectors. Similar findings (from different plants, including coffee) on diversifying selection have been reported \[[@pone.0222747.ref006],[@pone.0222747.ref009],[@pone.0222747.ref011],[@pone.0222747.ref041],[@pone.0222747.ref048],[@pone.0222747.ref070],[@pone.0222747.ref071]\]. Diversifying selection by non-synonymous substitution was also detected in non-NBS-LRR genes (genes 10 and 12, ka/ks = 4.86) and other crop plants \[[@pone.0222747.ref072],[@pone.0222747.ref073]\], reiterating the importance of substitution mutation in such clustered R genes ([Table 4](#pone.0222747.t004){ref-type="table"}). Synergistic activation of the two groups (NBS-LRR and non-NBS-LRR) may enhance the resistance durability; and so their expression pattern merits further investigation.

Based on the phylogenetic tree of orthologous genes originated from related genomes, the six genes could be divided into two groups ([Fig 5](#pone.0222747.g005){ref-type="fig"}). Gene 5 from tomato is closely related to genes 5 and 11 from coffee, making the first group, whereas genes 5 and 11 from grape happens to be the second highly diversified group. Intraspecies diversity of non-TIR-NBS-LRR due to substitution and genetic recombination exist in grape \[[@pone.0222747.ref074]\] and tomato \[[@pone.0222747.ref075]\] while gene duplication and conversion events were observed in coffee \[[@pone.0222747.ref006]\]. In general, the phylogenetic tree revealed that genes 5 and 11 may have recently diverged in coffee, while the divergence observed in the other species may have been older events.

Conclusion {#sec021}
==========

The two groups of RGAs, NBS-LRR and non-NBS-LRR, are clustered in a single locus from which multiple variants of resistance genes are expressed to confer specific resistance functions. The four cloned, sequenced and characterized RGAs span a rust resistance gene locus descended from *C*. *canephora*. The two CC-NBS-LRR protein encoding genes are under strong diversifying selection impacting all component domains. A more intense diversification of LRR region indicates that the variability in the effector binding site is the cause of divergence in resistance specificity. Although conserved sequences were detected for the S~H~6 gene across the various differential coffee clones, it could be inferred that the S~H~ gene loci have a characteristic polymorphism conferring different resistance phenotypes against coffee leaf rust. This is the first report unveiling new insights into the molecular nature of S~H~ genes. The CC-NBS-LRR gene characterized is the largest and most complete sequence ever reported in Arabica coffee. The work demonstrated a cluster of resistance genes spanning the R gene locus that could serve as functional markers for subsequent functional analysis. These findings could also serve as a benchmark for validation of expression patterns in response to pathogenicity and gene segregation along generations. Such studies can be applied in molecular breeding as it has the potential to replace arbitrary DNA-based marker-assisted breeding at least for two reasons. First, there is no loss due to segregation, which is the case even for finely saturated markers. Second, four of the RGAs (genes 9, 10, 11 and 12) are stacked in a locus, from which different primers can be designed to screen genotypes to verify co-segregation analysis.

Supporting information {#sec022}
======================

###### Work flow in BAC clone screening.

Clone pooling and subsequent group decomposition to isolate a single clone with CARF005 insert (A), DNA of isolated clone 78-K-10 (B) and CARF005 PCR amplicon (C) as revealed by 1% UltraPure^TM^ agarose gel electrophoresis. M is 100 bp DNA size marker. The red arrow indicates the estimated size of marker DNA.

(TIF)

###### 

Click here for additional data file.

###### The 21 differential coffee clones screened for CARF005 marker (listed in order as in [Table 1](#pone.0222747.t001){ref-type="table"}).

Clones with CARF005 were 1 (832/1-HT), 3 (1343/269-HT), 5 (H420/10), 7 (128/2-Dilla and Alghe), 9 (H419/20), 15 (4106), 16 (644/18 H. Kawisan, a new report) and 17 (832/2-HT). M: DNA weight marker ladder (the lightest band being 100 bp). The last three lanes (22--24) represent three coffee genotypes susceptible to all known races of *H*. *vastatrix*, used in this experiment as negative control for the CARF005 marker gene. The red arrow indicates the estimated size of marker DNA. No gel cropping was performed to any of the lanes displayed.

(TIF)

###### 

Click here for additional data file.

###### Mapping of contig 9 to transcriptome of differentially expressed genes during *C*. *arabica-H*. *vastatrix* (race XXXIII) incompatible interaction to show the region of active gene (gene 9, 10, 11 and 12) expression.

Note the three expression profiles (three rows) corresponding to control (uninoculated at 0 hour, top row), 12 (middle row) and 24 hai (bottom row) of transcriptome reads mapped against contig 9 of resistant coffee clone (CIFC HDT 832/2). Grey shades indicate matching transcriptome reads while nucleotide substitutions (mismatches) were shown by colored strips (yellow: G, green: A, red: R and blue: C). Large red shades indicate deletions. The three RGAs presented in different colors were selected due to their higher coverage. The contrasting difference in the differential expression was quite clear between the control sample (0hai) and the two samples taken at the other time points (12 & 24hai) and remarkable difference in the number of activated transcripts of the genes at 12 and 24hai. Contig mapping was performed by Tophat 2^28^ (<http://ccb.jhu.edu/software/tophat>) setting alignment parameter as '-N 3---read-gap-length 3---read-edit-dist 6---no-coverage-search ---b2-very-sensitive' to locate the region of the contig encoding genes against the pathogen and visualized with Integrative Genomics Viewer (IGV) v. 2.3 \[[@pone.0222747.ref076]\] (<http://www.broadinstitute.org/igv>).

(TIFF)

###### 

Click here for additional data file.

###### Top hits for the 13 ORFs as found in NCBI by BLASTp or at *C*. *canephora* genome by BLASTn.

\*Homologous sequences for which no ID/Accession number has been assigned are indicated in hyphen. BLASTp was performed by NCBI online server (<https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins>).

(DOCX)

###### 

Click here for additional data file.

###### Mutation (substitution) effect on protein binding regions of gene 5 and 11 indicated by amino acid sequence in respective genes.

\*As numbered from the first to the last residue, the hyphen indicates the amino acid (s) constituting the binding sites. Purple highlighted residues are conserved residues in both genes while yellow highlighted residues are specific protein binding sites in respective gene. Substitution mutation effect analysis was performed by The Predict Protein Server \[[@pone.0222747.ref031]\] ([http://ppopen.rostlab.org](http://ppopen.rostlab.org/)).

(DOCX)

###### 

Click here for additional data file.

###### Output of the two contigs BLASTed against S~H~3 locus contigs specific to *C*. *arabica* and *C*. *canephora*\*.

\*Ten contigs specific to *C*. *arabica* and three contigs specific to *C*. *canephora*, all assembled from BAC clones with S~H~3 locus were taken from the work of Ribas et al. \[[@pone.0222747.ref006]\].

(DOCX)

###### 

Click here for additional data file.
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We would appreciate receiving your revised manuscript by Apr 25 2020 11:59PM. When you are ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter.

To enhance the reproducibility of your results, we recommend that if applicable you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

Please include the following items when submitting your revised manuscript:

A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). This letter should be uploaded as separate file and labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. This file should be uploaded as separate file and labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. This file should be uploaded as separate file and labeled \'Manuscript\'.

Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.

We look forward to receiving your revised manuscript.

Kind regards,

Binod Bihari Sahu, Ph.D.

Academic Editor

PLOS ONE

Journal Requirements:

1\. When submitting your revision, we need you to address these additional requirements.

 

Please ensure that your manuscript meets PLOS ONE\'s style requirements, including those for file naming. The PLOS ONE style templates can be found at

<http://www.journals.plos.org/plosone/s/file?id=wjVg/PLOSOne_formatting_sample_main_body.pdf> and <http://www.journals.plos.org/plosone/s/file?id=ba62/PLOSOne_formatting_sample_title_authors_affiliations.pdf>

2\. We note that you have included the phrase "data not shown" in your manuscript. Unfortunately, this does not meet our data sharing requirements. PLOS does not permit references to inaccessible data. We require that authors provide all relevant data within the paper, Supporting Information files, or in an acceptable, public repository. Please add a citation to support this phrase or upload the data that corresponds with these findings to a stable repository (such as Figshare or Dryad) and provide and URLs, DOIs, or accession numbers that may be used to access these data. Or, if the data are not a core part of the research being presented in your study, we ask that you remove the phrase that refers to these data.

3\. We note that you have stated that you will provide repository information for your data at acceptance. Should your manuscript be accepted for publication, we will hold it until you provide the relevant accession numbers or DOIs necessary to access your data. If you wish to make changes to your Data Availability statement, please describe these changes in your cover letter and we will update your Data Availability statement to reflect the information you provide.

Additional Editor Comments (if provided):

Please revise the ms addressing the concerns raised by the reviewer.

\[Note: HTML markup is below. Please do not edit.\]

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

2\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: N/A

\*\*\*\*\*\*\*\*\*\*

3\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: No

\*\*\*\*\*\*\*\*\*\*

4\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: The authors have described an important study relating to the disease resistance genes against coffee rust. The identification of two groups of RGAs, the NBS-LRR & non-NBS-LRR contained on the SH loci demonstrate polymorphism which is a new insight into molecular characterization of these genes.

Reviewer \#2: The coffee is a cash crop and widely grown in different parts of the world. Coffee leaf rust (CLR) caused by an obligate fungal parasite Hemileia vastatrix is one of the major diseases costing millions of dollar loss to coffee growers. Identification of resistance gene and its utilization in the breeding program will be a substantial contribution to the coffee research. Here Authors have made an effort to identify resistance gene(s) for H. vastatrix by screening the BAC clone library of the resistance coffee crop, Hibrido de Timor (HDT), using the CARF005 marker. It is an innovative approach to identify resistance genes in coffee and hence worth pursuing. However, in the process of achieving the goal, the authors have fallen short at several points.

Major concerns:

• Authors have mentioned supplementary figure S5 in line no 273, Table S6 in line no 315, and table no S7 in line no 338, but these figures and tables were not provided to the reviewer to review.

• Also, the Authors mentioned about generating RNA-Seq libraries and its sequencing in line no 112 in material method sections. But detailed method of the RNA-Seq libraries preparation and sequencing are not provided anywhere. Authors need to confirm that if they have generated new RNA-Seq libraries for this study or cross-referenced to Florez et al., 2017. if authors have performed RNA-Seq for this study, then they should submit the sequences to NCBI SRA and provide the accession number here.

• The authors mentioned about the differential expression of gene 11 upon H.vastatrix infection based on RNA-Seq data but did not provide any supporting data to substantiate the statement. The authors need to give the fold changes and p-value from the RNA-Seq data for all the putative genes identified in this study, and further confirm it by performing qRT-PCR.

• The title is not appropriately reflecting the work done in the manuscript. Most of the structural and functional prediction is the manuscript is done in silico. Thereby, simple mentioning structural and functional analysis will mislead the readers.The author should add in silico to the title to make it clear to the reader.

• Most of the figure legends lack essential information to understand the figure. For example, Figure 1 legend provides the least information. While the title of the figure says about the comparison of the conserved domains, the image is just a snapshot of the NCBI BLAST. And, the red circling does not provide any information about the polymorphism. In Figure 2, the authors mentioned that the protein binding region of gene 5 is boxed in red; instead, they used red underline to mark the region. Same for the gene 11 and green boxes. Authors failed to mention how they come to know that these are the conserved protein binding regions, and based on what? Figure legends should carry enough information about the figure that readers can understand it without digging into the main text.

• Some portions of the material and method section are poorly written. For example, the details about how the phylogenetic tree is generated for figure 4 is not mentioned in the material method section but nicely presented in figure legends. Similarly, authors failed to provide detail information about how the 3D structures of genes 5 and 11 were generated other than merely mentioning the software used for this. Information such as the PDB template used to predict the 3D structure is crucial along with the parameters used for energy minimization. The author should provide enough information about the methods used such that readers can able to replicate the work.

• The authors need to provide synteny maps for the comparison of putative genes with the Canephora and arabica genome.

Minor concerns:

• In Suppl fig. S4, authors need to mark the gene 9-12.

• Inline 270-271, the authors mentioned about two contigs mapped against the transcriptome but only provide images for the contig 9 in suppl fig S4 and wrongly mentioned it fig S5.

• Inline no 190, authors have mentioned that they have tested 21 differential coffee clones using marker CARF005. However, in the FigS2, the gel contains 24 lanes. The authors did not say anything about lane no 22-24 both in figure legends and main text but mentioned it in table 1. The consistency should be maintained. Also, the authors need to label the markers in the gel and specify the size of the PCR band. Same for the gel images in Suppl Fig1b and c.

\*\*\*\*\*\*\*\*\*\*

6\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.
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In silico guided structural and functional analysis of genes with potential involvement in resistance to coffee leaf rust: a functional marker based approach

PLOS ONE

Dear Dr. Caixeta,

Thank you for submitting your manuscript to PLOS ONE. After careful consideration, we feel that it has merit but does not fully meet PLOS ONE's publication criteria as it currently stands. Therefore, we invite you to submit a revised version of the manuscript that addresses the points raised during the review process.

We would appreciate receiving your revised manuscript by Jun 26 2020 11:59PM. When you are ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter.

To enhance the reproducibility of your results, we recommend that if applicable you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

Please include the following items when submitting your revised manuscript:

A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). This letter should be uploaded as separate file and labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. This file should be uploaded as separate file and labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. This file should be uploaded as separate file and labeled \'Manuscript\'.

Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.

We look forward to receiving your revised manuscript.

Kind regards,

Binod Bihari Sahu, Ph.D.

Academic Editor

PLOS ONE

Additional Editor Comments (if provided):

Dear Authors,

Please address the new concerns raised by the reviewers suitably and resubmit.

Thank you

Binod

\[Note: HTML markup is below. Please do not edit.\]

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. If the authors have adequately addressed your comments raised in a previous round of review and you feel that this manuscript is now acceptable for publication, you may indicate that here to bypass the "Comments to the Author" section, enter your conflict of interest statement in the "Confidential to Editor" section, and submit your \"Accept\" recommendation.

Reviewer \#1: All comments have been addressed

Reviewer \#2: (No Response)

\*\*\*\*\*\*\*\*\*\*

2\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

Reviewer \#2: Partly

\*\*\*\*\*\*\*\*\*\*

3\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: N/A

\*\*\*\*\*\*\*\*\*\*

4\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: (No Response)

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: No

\*\*\*\*\*\*\*\*\*\*

6\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: 1. The authors have addressed the earlier comments. The revised version also includes the supplemental figures.

Reviewer \#2: The authors have made an effort to address the questions raised in the first review. However, there are still some grievances that need to be addressed.

Major concerns:

1\) The results sections are poorly written, lacking the rationale for the experiment and also the clarity of the experiment. Such as why authors decided to do the gene annotation when they already mentioned genes 5 and 11 are RGAs.

2\) And in some cases, there is nothing mentioned about the figure in the result section. For example, nothing is said about figure 3 in the result section.

3\) Poor choice of the software for the study. For example, for identifying the conserved domain, the authors used the blastp program instead of the conserved domain database (CDD) of NCBI or similar databases such as SMART that are widely used for this purpose.

4\) Poor presentation of the figure. Such as

a\. For example, take suppl fig3. It is hard to understand what the authors are trying to share. In figure legend, the authors mentioned the black arrow shows the orientation. In the figure, it is hard to locate the black arrows for gene 11,12 and 10. What is the orange box represents? Again, the poor choice of software/program.

b\. In figure 2, the authors failed to mention which one is gene 5 and which one is gene 11.

c\. Figure 3: Multiple sequence alignment amino acids were color-coded, which is unnecessary and it makes the underling of amino acid hard to track.

d\. The figure quality is not good and pixelated. For example, figure 4 top numbering is hard to follow.

5\. Suppl figure4: Authors tried to show the differential expression of genes of contig 9 compared control.

a\) The image is of poor quality with hard to read the numbers on top.

b\) b. Authors, instead of approximately drawing a rectangle around the gene cluster, should have shown the exact position of the genes.

c\) c. Authors also need to provide information about how many transcripts read hit to the genes at different experimental conditions (control vs. different time points) with fold change and p-value in this manuscript instead of directing the reader to their previous publication.

d\) Similarly, authors should provide the transcript reads that are matched to the gene 5 of contig three and let readers have that information instead of taking the author\'s word for granted.

6\. The authors hardly cited the figures in their discussion section. Also, the authors failed to discuss what they things could be the reason for gene 11 differentially expressed but not gene 5 when both are RGAs.

Minor concerns:

1\. Inline no 113: nanodrop generally provides the quantity and quality of the nucleotides and not the integrity. It needs to be corrected.

2\. Authors, in some cases, provided the link to the software they have used in this study and some cases not. Consistency needs to be followed.

3\. Inline no 273: authors said CARF005 amplified the region 2065 to 3115 of gene 11, which is of 1050 bps long while the PCR product is around 400 bps. It needs to be corrected.

4\. The figure legend of figure 5 is more about how the figure generated rather than what the figure signifies.

\*\*\*\*\*\*\*\*\*\*

7\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.
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Dear Dr. Caixeta,

We're pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it meets all outstanding technical requirements.

Within one week, you'll receive an e-mail detailing the required amendments. When these have been addressed, you'll receive a formal acceptance letter and your manuscript will be scheduled for publication.

An invoice for payment will follow shortly after the formal acceptance. To ensure an efficient process, please log into Editorial Manager at <http://www.editorialmanager.com/pone/>, click the \'Update My Information\' link at the top of the page, and double check that your user information is up-to-date. If you have any billing related questions, please contact our Author Billing department directly at <authorbilling@plos.org>.

If your institution or institutions have a press office, please notify them about your upcoming paper to help maximize its impact. If they'll be preparing press materials, please inform our press team as soon as possible \-- no later than 48 hours after receiving the formal acceptance. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information, please contact <onepress@plos.org>.

Kind regards,

Binod Bihari Sahu, Ph.D.

Academic Editor

PLOS ONE

Additional Editor Comments (optional):

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. If the authors have adequately addressed your comments raised in a previous round of review and you feel that this manuscript is now acceptable for publication, you may indicate that here to bypass the "Comments to the Author" section, enter your conflict of interest statement in the "Confidential to Editor" section, and submit your \"Accept\" recommendation.

Reviewer \#1: All comments have been addressed

\*\*\*\*\*\*\*\*\*\*

2\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

\*\*\*\*\*\*\*\*\*\*

6\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: (No Response)

\*\*\*\*\*\*\*\*\*\*

7\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).
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Dear Dr. Caixeta:

I\'m pleased to inform you that your manuscript has been deemed suitable for publication in PLOS ONE. Congratulations! Your manuscript is now with our production department.

If your institution or institutions have a press office, please let them know about your upcoming paper now to help maximize its impact. If they\'ll be preparing press materials, please inform our press team within the next 48 hours. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information please contact <onepress@plos.org>.

If we can help with anything else, please email us at <plosone@plos.org>.
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Dr. Binod Bihari Sahu

Academic Editor

PLOS ONE

[^1]: **Competing Interests:**The authors have declared that no competing interests exist.

[^2]: Current address: BioDiscovery Institute and Department of Biological Sciences, University of North Texas, Denton, TX, United States of America
